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INTRODUCTION 
Previously, some of the authors demonstrated a technique for parallel vector lock -in 
thermal wave infrared (IR) video imaging, using a patented technique. [1-3] The initial 
version [2] of the technique was restricted to the frame rate frequency of 15 Hz for the 
single-detector IR camera used for the experimental verification. In an application for 
imaging cracks in Cu rnicrobridges, an alternative version of the technique [3] succeeded in 
achieving IR video lock-in imaging at frequencies up to 2kHz. However, the latter 
implementation was seriously complicated by the complex tirning pattern through which the 
pixels were acquired by the IR imaging system. The complication resulted from the fact 
that one needs to know the timing of each pixel, because the method assumes that the IR 
signal corresponding to each pixel of the image can be multiplied by the sine and cosine 
functions ofthe thermal modulation frequency, computed at the time at which the pixel 
datumwas obtained. After multiplication, the results are accumulated, pixel-by-pixel, in 
two image buffers, which represent the two vector components of the lock-in image. If 
desired, these image buffers can then be transformed into magnitude (the square root of the 
sum of the squares of the components) and phase (the arctangent of the ratio of the two 
components) image buffers. 
In the present paper, we apply these same techniques, but utilizing a much improved 
IR video imaging system. The IR camera which was used for this work uses an 
Amber/Raytheon InSb focal plane array of 512x512 detectors. This array is sensitive to 
radiation in the 3jlm to Sjlm wavelength region of the IR. The particular improvements 
which arerelevant to lock-in imaging are that the camera operates in a "snapshot" mode and 
that it is externally synchronized. In the snapshot mode, the photo-generated charge from 
each InSb element is integrated simultaneously over a time interval which can be set to 
values rauging from less than 1jls to a maximum which is somewhat less than a frame 
period. The camera's second important feature is that using an external computer, one can 
control the time at which the integration begins, its duration, and the frequency at which it 
recurs. Together, these two key features ensure the ability to accurately synchronize the 
data acquisition of each pixel of the image with respect to the temperature modulation 
signal. In one mode of operation, the computer produces both the signals to control the 
operation ofthe camera and the signals to synchronize the heating. Alternatively, an 
external heating signal can be imported into the computer and used to generate the 
appropriate synchronization time and frame rate for the camera. The operation of the 
system is shown schematically in the block diagram of Fig. 1, which displays a particular 
experiment in which the ac signal is the Joule heating of a Cu microbridge embedded in 
polyimide. 
As noted above, in principle one multiplies the signal by both the sine and the cosine 
of the modulation frequency and averages. However, any digital multiplication always 
involves some approximation to the sine and cosine. For instance, one rnight use a four-bit 
approximation, in which the harmonic functions are approximated by 16 square steps. An 
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Fig. 1 Block diagram of the video lock-in thermal wave imaging setup, using the example 
of Joule heating of a copper microbridge target. 
alternative approach is to sample the signal at some set of discrete points, and multiply by 
the appropriate harrnonic functions prior to accumulation. The approach which we use in 
the present paper is one in which the signal is sarnpled at just four points, at 90° phase 
differences from each other, and these four signals are combined in such a way as to 
produce either an in-phase and a quadrature image, or a magnitude image and a phase 
image. As is always the case, when a signal is sampled, aliasing can occur, so that some 
harrnonics of the signal will be incorporated into the data, but in practice, this does not 
cause serious problems in interpreting the results. The sarnpling scheme described below, 
the use of modulation frequencies which are much higher than the frame rates of the 
camera. The ultimate upper Iimit of modulation frequency is determined solely by the 
rninimum integration time necessary to get a reasonable signal-to-noise ratio from the 
photo-detectors. 
The tirning pattems which are utilized in these experiments are illustrated in Fig. 2. 
In this figure, it is assumed that the camera is operating at a fixed frame rate, with one 
comparatively short integration time during each frame. The heating frequency is related to 
the frame rate as an odd multiple of a quarter of the frame rate ( frequency). In the first 
example, where the heating frequency is 3/4 of the frame rate, one is actually heating with a 
frequency which is less that the frame rate. In the remaining three examples (5/4, 7/4, and 
9/4 of the frame rate), weillustrate the ability to increase the heating frequency without 
increasing the camera's frame rate. In each of these examples, it can be seen that the 
integration gates sample the heating pattem repeatedly at 90° phase steps. Figure 3 
illustrates the orders in which these four different 90° phase steps occur for the four 
example heating frequencies shown in Fig. 2. In each case, two image buffers are 
acquired, one (the "in-phase" image) comprised of the accumulated difference between the 
180° phase and 0° phase images, and a second (the "quadrature" image), the accumulated 
difference between the 270° phase and 90° phase images. 
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Fig. 2 Timing diagram for the video lock-in thermal wave imaging. 
ACCUMULATE: (180°- 00) in one buffer (in-phase), and 
(270°- 90°) in a second buffer (quadrature) 
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Fig. 3 Strategy for forming the "in-phase" and "quadrature" images for the four example 
heating frequencies given in Fig. 2. 
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EXAMPLE: COPPER MICROBRIDGE WITH CRACKS 
An example pair of amplitude (A) and phase (<I>) images, taken for a Cu rnicrobridge 
sample, which is heated with a 20 Hz heating frequency, is shown in Fig. 4. lt may be 
noted that the apparent spatial extent of the phase image is greater than that of the amplitude 
image. This is a common characteristic of all frequency-domain thermal wave images. The 
frame rate for this image corresponds to the 5/4 ratio example from Fig. 2, and is therefore 
set at 16Hz. In Fig. 5, we showthermal wave amplitude images of a good Cu 
microbridge (left), and one containing cracks (right). This example was chosen to illustrate 
the decrease in the size of the ac heating region as the thermal wavelength decreases with 
increasing frequency. lt also illustrates the ability of the lock-in to identify the localized ac 
heat source in an NDE application. 
A 
Fig. 4 Amplitude (top) and phase (bottom) thermal wave images of a Cu rnicrobridge, 
heated with a 20 Hz heating frequency. 
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Fig. 5 Thermal wave amplitude images of a good Cu rnicrobridge (left), and one 
containing cracks (right). Note the decrease in the size ofthe ac heating region as the 
thermal wavelength decreases with increasing frequency. Also, note the localized heating 
which is evident in the images of the cracked bridge at higher frequencies. 
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CONCLUSIONS 
Wehave demonstrated the simplicity oflock-in video IR thermal wave imaging, using 
an extemally synchronized, snapshot-mode, focal plane array camera. With this camera it 
is possible to carry out lock-in imaging with heating frequencies in excess of 100kHz. 
The only Iimitation on the frequency is the minimum usable integration time for the 
particular application. 
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